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ABSTRACT The family of polyomaviruses, which cause severe disease in immunocom-
promised hosts, has expanded substantially in recent years. To accommodate measure-
ment of IgG seroresponses against all currently known human polyomaviruses (HPyVs),
including the Lyon IARC polyomavirus (LIPyV), we extended our custom multiplex bead-
based HPyV immunoassay and evaluated the performance of this pan-HPyV immunoas-
say. The VP1 proteins of 15 HPyVs belonging to 13 Polyomavirus species were expressed
as recombinant glutathione S-transferase (GST) fusion proteins and coupled to fluores-
cent Luminex beads. Sera from healthy blood donors and immunocompromised kidney
transplant recipients were used to analyze seroreactivity against the different HPyVs. For
BK polyomavirus (BKPyV), the GST-VP1 fusion protein-directed seroresponses were com-
pared to those obtained against BKPyV VP1 virus-like particles (VLP). Seroreactivity
against most HPyVs was common and generally high in both test populations. Low se-
roreactivity against HPyV9, HPyV12, New Jersey PyV, and LIPyV was observed. The assay
was reproducible (Pearson’s r2 � 0.84, P � 0.001) and specific. Weak but consistent
cross-reactivity between the related viruses HPyV6 and HPyV7 was observed. The serore-
sponses measured by the GST-VP1-based immunoassay and a VP1 VLP-based enzyme-
linked immunosorbent assay were highly correlated (Spearman’s � � 0.823, P � 0.001).
The bead-based pan-HPyV multiplex immunoassay is a reliable tool to determine HPyV-
specific seroresponses with high reproducibility and specificity and is suitable for use in
seroepidemiological studies.
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The Polyomaviridae family is a group of double-stranded DNA viruses that infect a
broad spectrum of hosts, including humans. The number of identified human

polyomaviruses (HPyVs) has substantially increased over recent years and currently
includes 13 Polyomavirus species, which are listed in Table 1, including full virus names
and abbreviations (1). A novel polyomavirus recently identified in human skin samples,
named Lyon IARC polyomavirus (LIPyV), has not yet been assigned to a Polyomavirus
species (2).

Several HPyVs are associated with severe disease, such as BK polyomavirus (BKPyV),
which is associated with nephropathy and hemorrhagic cystitis; JC polyomavirus
(JCPyV), which is associated with progressive multifocal leukoencephalopathy (PML); TS
polyomavirus (TSPyV), which is associated with a dysplastic hair follicle disorder called
trichodysplasia spinulosa; and MC polyomavirus (MCPyV), which is associated with
Merkel cell carcinoma (3–6). An association between HPyV6 and HPyV7 and pruritic and
dyskeratotic dermatosis has recently been proposed (7). In addition, HPyV7 might be
involved in thymomagenesis (8, 9). New Jersey polyomavirus (NJPyV) likely can cause
vasculitis, myositis, and retinal blindness (10).
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The seroprevalence of well-studied polyomaviruses, for instance, BKPyV and JCPyV,
is generally high and comparable among geographically different populations (11–16).
Primary HPyV infections usually occur in childhood and are followed by asymptomatic
persistent infection throughout life, sometimes accompanied by little virus shedding
(12). Though HPyV infection is widespread and its pathology is diverse, symptomatic or
manifest HPyV infections are rare and usually limited to the immunocompromised and
the elderly (17). For most HPyVs, symptomatic infection occurs when the persistent
virus is no longer controlled by the immune system, a phenomenon often referred to
as virus reactivation. However, for some HPyVs primary infection coincident with severe
immunosuppression has been proposed to be the driver of symptomatic disease (18).

Although knowledge of the prevalence of HPyV infections is increasing, little is
known about the incidence and transmission of infection, in particular, of the recently
identified HPyVs, such as Saint Louis polyomavirus (STLPyV), HPyV12, NJPyV, and LIPyV.
One way of filling this knowledge gap is to develop HPyV species-specific serology.

In general, two viral protein 1 (VP1) antigen expression and presentation methods
are used to measure HPyV seroreactivity. One is based on insect cell-expressed VP1
assembled into VP1 virus-like particles (VLP). The other, used in this study, is based on
bacterially expressed glutathione S-transferase (GST)-VP1 fusion proteins. Here we
aimed to extend our present HPyV bead-based immunoassay measuring IgG serore-
sponses against the VP1 major capsid protein of HPyVs belonging to the species Human
polyomavirus 1 (BKPyV), 5 (MCPyV), 6 (HPyV6), 7 (HPyV7), 8 (TSPyV), and 9 (HPyV9) (12)
to HPyVs belonging to the species Human polyomavirus 2 (JCPyV), 3 (Karolinska
Institutet polyomavirus [KIPyV]), 4 (Washington University polyomavirus [WUPyV]), 10
(Malawi polyomavirus [MWPyV] and HPyV10), 11 (STLPyV), 12 (HPyV12), and 13 (NJPyV)
and LIPyV. MWPyV and HPyV10 belong to the same species and were both included
because they differ at eight amino acid positions in VP1, of which three might be
located in immunogenic loops important for antigen recognition (15, 19).

The performance of this new pan-HPyV multiplex immunoassay was evaluated in
this study by measuring seroreactivity in two pilot populations and by determining the
reproducibility and specificity of the assay. The GST-VP1 fusion protein bead-based
assay was also compared with a VP1 VLP-based serological assay for BKPyV.

MATERIALS AND METHODS
Human polyomavirus serology assays. IgG seroreactivities against VP1 were measured using a

customized Luminex xMAP assay, as previously described, albeit expanded to include all currently known
HPyVs (12, 16, 20). In short, synthetic DNA sequences of VP1 (Table 1) (gBlocks; IDT, San Jose, CA, USA),
either wild type (JCPyV, KIPyV, WUPyV, HPyV12, NJPyV, LIPyV) or codon optimized (MWPyV, HPyV10,
STLPyV), were cloned into pGEX-5x-3 vectors (GE Healthcare Life Sciences, Chicago, IL, USA) and
expressed as GST-VP1.tag fusion proteins in Escherichia coli BL21 Rosetta bacteria. Expression of each
newly expressed GST-VP1 fusion protein was analyzed by glutathione-Sepharose 4B purification and
SDS-PAGE (10%) separation, followed by Coomassie staining.

TABLE 1 Nomenclature, origins, and GenBank accession numbers of the HPyVs used in the multiplex immunoassay

Species Virus (abbreviation) Original tissue (disease)
GenBank
accession no. Reference

HPyV1 BK polyomavirus (BKPyV) Urine JF894228 37
HPyV2 JC polyomavirus (JCPyV) Brain (PML) NC_001699 38
HPyV3 Karolinska Institutet polyomavirus (KIPyV) Nasopharynx NC_009238 39
HPyV4 Washington University polyomavirus (WUPyV) Nasopharynx NC_009539 40
HPyV5 Merkel cell polyomavirus (MCPyV) Skin (Merkel cell carcinoma) JF812999 5
HPyV6 Human polyomavirus 6 (HPyV6) Skin NC_014406 28
HPyV7 Human polyomavirus 7 (HPyV7) Skin NC_014407 28
HPyV8 Trichodysplasia spinulosa polyomavirus (TSPyV) Skin (TS spicule) NC_014361 6
HPyV9 Human polyomavirus 9 (HPyV9) Serum NC_015150 41
HPyV10 Malawi polyomavirus (MWPyV) Stool NC_018102 42
HPyV10 Human polyomavirus 10 (HPyV10) Skin (anal condyloma) JX262162 43
HPyV11 Saint Louis polyomavirus (STLPyV) Stool NC_020106 44
HPyV12 Human polyomavirus 12 (HPyV12) Liver NC_020890 34
HPyV13 New Jersey polyomavirus (NJPyV) Muscle NC_024118 10
Unassigned Lyon IARC polyomavirus (LIPyV) Skin NC_034253 2
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The GST-VP1.tag fusion protein was subsequently coupled to glutathione-casein-linked polystyrene
beads (Bio-Rad Laboratories, Hercules, CA, USA.) Each bead is color coded by fluorescent dyes, which
allows distinction between the different analytes in a single well. The coupling of the complete
GST-VP1.tag fusion protein to the bead was verified on a Bio-Plex apparatus using mouse anti-tag
antibodies (1:100; a kind gift from M. Pawlita), followed by anti-mouse immunoglobulin-phycoerythrin
for detection (1:250; Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) (which were
incubated for 30 min each in the dark at room temperature).

In the HPyV multiplex immunoassay, serum samples (1:100) were incubated for 1 h in blocking buffer
(1 mg/ml casein, 0.5% polyvinyl alcohol, 0.8% polyvinylpyrrolidone, 2.5% Super ChemiBlock [Chemicon
International, Billerica, MA, USA], 2 mg/ml GST bacterial lysate in phosphate-buffered saline) to suppress
potential nonspecific binding to the beads or to GST (20, 21). In the meantime, the GST-VP1 fusion
proteins were coupled to glutathione-casein-linked polystyrene beads and the serum samples were
subsequently incubated with the mixture of GST-VP1 beads (for 1 h in the dark at room temperature).
For detection of a VP1-directed human IgG response, biotinylated goat anti-human IgG (H�L) was used
(1:1,000; Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA), followed by streptavidin–R-
phycoerythrin (SAPE; 1:1,000; Invitrogen, Waltham, MA, USA) (which were incubated for 30 min each in
the dark at room temperature). As a positive control, a serially diluted mixture of four serum samples with
known seroreactivity against various polyomaviruses was included in each test run (12). The seroreac-
tivity was measured in a Bio-Plex 100 analyzer (Bio-Rad Laboratories, Hercules, CA, USA). Specific
seroreactivity was defined by subtracting the median fluorescence intensity (MFI) values for both a blank
sample and beads coupled to an irrelevant GST fusion protein (simian virus 40 small T antigen).

For a comparison between the in-house GST-VP1-based immunoassay and the VP1-VLP enzyme-
linked immunosorbent assay (ELISA), 396 serum samples were analyzed in both assays for BKPyV IgG
detection, as described previously (22). Our assay uses the VP1 protein from BKPyV genotype Ib1, while
the VLP ELISA uses the VP1 protein from BKPyV genotype Ib2 (with 98.6% VP1 amino acid similarity
existing between genotypes Ib2 and Ib1) (22).

HPyV12 and NJPyV VP1 seroreactivity confirmation. To demonstrate the antigenicity of the
HPyV12 and NJPyV GST-VP1 antigens used, two synthetic peptides (HPyV12 VP1 [VPKSVTDVTAKIQC] and
NJPyV VP1 [SIHPNDIAKLPEED]) were generated (GenScript, Nanjing, China) and used to immunize
rabbits. These peptides were chosen on the basis of their expected antigenicity in VP1 (15, 19) and the
low amino acid similarity with other HPyV VP1 proteins. The polyclonal rabbit antisera raised against
these peptides were used in a 1:100 dilution for the recognition of GST-HPyV12- and NJPyV VP1-coupled
beads (which were incubated for 30 min in the dark at room temperature). Detection was performed with
anti-rabbit immunoglobulin-biotin (1:1,000; Dako, Santa Clara, CA, USA) and SAPE (which were incubated
for 30 min each in the dark at room temperature).

Competition analysis. To gain further insight into cross-reactivity, VP1 antigen competition exper-
iments were performed, as described previously (12). Serum samples with known seroreactivity were
serially diluted from 1:100 to 1:409,600 and incubated with regular blocking buffer containing either GST
or the GST-VP1 fusion proteins (�2 mg/ml). For this purpose, only serum samples with measured
seroreactivity above 5,000 MFI at a 1:100 serum dilution were selected.

Study population. For evaluation of the HPyV multiplex serology assay, anonymized serum samples
from a cohort of 87 healthy blood donors (HBD) (23) and a cohort of 65 immunocompromised kidney
transplant recipients (KTR) (24) were tested. The participants gave written informed consent, and the
study adhered to the Declaration of Helsinki principles.

Statistical analysis. Squared Pearson correlation coefficients (r2) were calculated to determine
intertest reliability. The correlation between the assessed HPyVs was further examined by calculating
Spearman rank correlation coefficients (�). Statistical analysis was performed in IBM SPSS Statistics
(version 23) software. When necessary, the significance level (� � 0.05) was adjusted according to the
Bonferroni method for multiple comparisons.

RESULTS
Expression and coupling of HPyV VP1 to polystyrene beads. To extend the

in-house multiplex immunoassay to all currently known HPyVs, the VP1 genes of JCPyV,
KIPyV, WUPyV, MWPyV, HPyV10, STLPyV, HPyV12, NJPyV, and LIPyV were individually
cloned and expressed as GST-VP1 fusion proteins. Expression of glutathione-purified
GST-VP1 fusion proteins was checked by Coomassie-stained SDS-PAGE and found to be
comparable for all HPyVs (Fig. 1A). GST-VP1-containing crude bacterial extracts were
purified and coupled to the glutathione-casein cross-linked beads. A tag sequence was
included at the C terminus of each GST-VP1 fusion protein to check for efficient antigen
binding and saturation of the beads. This was shown in a dilution series of GST-VP1-
containing crude bacterial extracts (Fig. 1B). For convenience, it was decided to use a
dilution of �1 mg/ml of each GST-VP1 crude extract in the HPyV VP1 multiplex
immunoassay.

Antigenicity of GST-VP1 in the HPyV multiplex immunoassay. Serum samples from
HBD and immunocompromised KTR were tested to analyze the performance of the
HPyV multiplex immunoassay. A broad range of seroreactivities that spanned the entire
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dynamic range of the assay (0 to 25,000 MFI units) was observed. Overall, comparable
results were obtained for both sample sets (Fig. 2A and B). The measured seroreactivi-
ties against HPyV9, HPyV12, NJPyV, and LIPyV were generally lower than those against
most other HPyVs, with the exception of some outliers.

FIG 1 Expression and coupling of HPyV VP1 to polystyrene beads. (A) Coomassie-stained SDS-PAGE gel
showing glutathione-purified GST-VP1 bacterial lysates of JCPyV, KIPyV, WUPyV, MWPyV, STLPyV,
HPyV10, NJPyV, HPyV12, and LIPyV. Numbers in parentheses display the molecular masses (in kilodaltons)
of the GST-VP1 fusion proteins. The molecular masses (in kilodaltons) of the PageRuler prestained protein
ladder (Thermo Fisher Scientific, Waltham, MA, USA) are indicated on the left. The lane for LIPyV was
added at a later date. (B) Purification and coupling of GST-VP1.tag fusion proteins of JCPyV, KIPyV,
WUPyV, MWPyV, HPyV10, STLPyV, HPyV12, NJPyV, and LIPyV to glutathione-casein cross-linked beads.
GST-VP1-containing crude bacterial extracts were serially diluted (1 to 0.25 mg/ml). GST-VP1.tag cou-
pling, detected by using anti-tag antibodies followed by anti-mouse immunoglobulin-phycoerythrin
antibodies, is depicted as the median fluorescence intensity (MFI), measured in a Bio-Plex 100 analyzer.

FIG 2 Seroresponses against each GST-HPyV VP1 antigen measured in the multiplex immunoassay. Seroreactivity was measured in a cohort of healthy blood
donors (HBD; n � 87) (A) and a cohort of kidney transplant recipients (KTR; n � 65) (B). The results are depicted as the median fluorescence intensity (MFI),
measured in a Bio-Plex 100 analyzer. Each circle represents one serum sample.
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To ensure the antigenicity of the HPyV12 and NJPyV VP1 preparations, polyclonal
rabbit antisera were raised against specific HPyV12- and NJPyV-derived immunogenic
peptides. These rabbit antisera recognized the relevant HPyV VP1 antigen (see Fig. S1
in the supplemental material), demonstrating the ability of our assay to detect HPyV12
and NJPyV antibody reactivity.

Reproducibility of the HPyV multiplex immunoassay. The reproducibility of the
HPyV multiplex assay was determined by calculating the squared Pearson’s correlation
coefficients between repeated measurements while using beads independently cou-
pled to VP1 fusion proteins. These analyses were highly reproducible, with r2 values
ranging from 0.84 to 0.98 (Fig. S2A to J). Furthermore, we compared the use of different
fluorescent beads for the same GST-VP1 fusion protein, which was tested for three
HPyVs (BKPyV, KIPyV, and HPyV10) and revealed reproducible results, with r2 values
ranging from 0.77 to 0.95 (Fig. S3A to C). A historical comparison between serore-
sponses obtained in 2013 for six of the current HPyV targets with those for the HBD
population revealed highly reproducible results (r2 range, 0.71 to 0.97) (Fig. S4A to F)
(12).

Specificity of the HPyV multiplex immunoassay. Due to the VP1 amino acid
sequence similarity between different HPyV species, varying between 21.6% and 78.5%
(Fig. 3, red values at top right), one might expect epitope sharing and therefore a
certain degree of cross-reactivity among (related) HPyVs. To evaluate this, a correlation
matrix of the HPyV seroresponses was generated (Fig. S5), and Spearman rank corre-
lation coefficients were calculated for each HPyV combination for the HBD population
(Fig. 3, blue values at bottom left). The KTR population showed comparable data (not
shown). The lack of measured seroreactivity against HPyV9, HPyV12, NJPyV, and LIPyV
did not allow a meaningful correlation analysis, and these viruses were therefore
excluded from this analysis. Overall, we observed little correlation between the sero-
reactivities determined against the individual HPyVs. A moderate correlation between
HPyV6 and HPyV7 was observed in both the HBD population (Spearman’s � � 0.49, P �

0.001) and the KTR population (Spearman’s � � 0.44, P � 0.001). Despite 78.5% VP1
amino acid sequence similarity between BKPyV and JCPyV, no correlation between
these types was measured (Spearman’s � � �0.14, P � 0.19). Between species (HPyV10)
members MWPyV and HPyV10, a high correlation was observed (Spearman’s � � 0.92,
P � 0.001), which can be explained by their high VP1 amino acid sequence similarity
(98%) (Fig. 4).

FIG 3 Summary of observed cross-reactivity between individual HPyV VP1 antigens. The data in the upper right show the percent VP1
sequence similarity based on a pairwise alignment obtained using Geneious software (version 10.0.9) with default ClustalW settings. The
data in the lower left show Spearman correlation coefficients (�) calculated on the basis of the seroresponses measured against VP1 of
the HPyV types tested in the HBD cohort. nd, Spearman correlation coefficients were not determined for these HPyVs.

Human Polyomavirus Multiplex Immunoassay Journal of Clinical Microbiology

April 2018 Volume 56 Issue 4 e01566-17 jcm.asm.org 5

http://jcm.asm.org


To gain more insight into cross-reactivity, antigen competition experiments were
performed. In these experiments reactive serum samples were titrated and preincu-
bated with soluble GST-VP1 of various HPyVs before being exposed to antigenic beads
coated with the relevant HPyV VP1. Figure 5 shows some examples of the results of
these analyses. A complete overview of the selected serum samples tested in this way
can be found in Fig. S6. Overall, little competition between VP1 antigens from HPyVs
belonging to different species was observed. Preincubation with JCPyV VP1 did not
show a reduction in BKPyV seroreactivity in three out of four experiments (Fig. 5A and
S6A4 and A5); however, in one competition experiment, a substantial reduction was
seen (Fig. S6A3). Vice versa, preincubation with BKPyV VP1 reduced JCPyV seroreactivity
in two out of four competition experiments (Fig. S6B1 and B3). Between closely related
species HPyV6 and HPyV7, partial antigen competition indicative of limited cross-
reactivity was observed (Fig. 5F and G and S6F1, F2, and G2). As expected, HPyV10
species members MWPyV and HPyV10 showed high levels of cross-reactivity in this
analysis (Fig. 5J and K). Interestingly, in three out of six HPyV10 competition
experiments, preincubation with MWPyV VP1 did not block HPyV10 seroreactivity
(Fig. S6K1, K4, and K5). A summary of the results of the competition experiments is
shown in Table 2.

Comparison between the GST-VP1-based HPyV multiplex immunoassay and a
VP1 VLP-based ELISA. To learn more about the antigenicity of the GST-VP1 fusion
proteins that we used, we compared the seroresponses measured for BKPyV in our
method to those obtained with a VLP-based ELISA. Although differences in especially
the presentation of conformational epitopes were anticipated, the BKPyV seroreactivi-
ties measured by both methods were quite similar (Fig. 6) (22). A high Spearman
correlation coefficient (� � 0.823, P � 0.001) was observed between the optical density
(OD) values obtained with the VP1 VLP ELISA and the MFI values obtained with the
GST-VP1 immunoassay.

DISCUSSION

Based on the performed evaluation, the broad HPyV multiplex immunoassay de-
scribed in this report provides highly reproducible and species-specific serological data.
Cross-recognizing antibody detection is sometimes seen between related HPyV species,
especially between HPyV6 and HPyV7, which was observed in other studies as well (25).
The mean correlation calculated between JCPyV and BKPyV seroreactivity was very low.

FIG 4 Comparison of seroreactivity between MWPyV and HPyV10, both of which belong to Polyomavirus
species 10. MWPyV and HPyV10 seroreactivities were measured in a cohort of healthy blood donors
(HBD). Results are depicted as the median fluorescence intensity (MFI), measured in a Bio-Plex 100
analyzer, for MWPyV on the x axis and for HPyV10 on the y axis. The Spearman correlation coefficient is
depicted. Each circle represents one serum sample, and the line represents the results of linear regression
analyses.
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Nevertheless, some serum samples clearly demonstrated cross-reactivity between these
two clinically relevant HPyVs. This observation deserves further study, since individual
seroresponses against JCPyV and perhaps against BKPyV as well (26) are used for
patient risk assessment regarding serious complications of HPyV-induced infection, for
example, PML (27). However, a limited role for cross-reactivity between HPyV6 and
HPyV7 serology (28) and between JCPyV and BKPyV serology (15, 19, 29, 30) has also
been described.

Apart from the cross-reactivity between two related HPyV species pairs that has
been described before for other serological platforms, the GST-VP1 bead-based pan-

FIG 5 Analysis of cross-reactivity of polyomavirus seroresponses by VP1-specific competition. Titrated serum samples were preincubated with crude bacterial
extract containing GST alone (black), with GST-VP1 of the autologous HPyV (orange), or with the nontarget heterologous HPyVs (gray). Blue lines indicate
competition by VP1 other than the target analyte. Results are depicted as median fluorescence intensity (MFI), measured in a Bio-Plex 100 analyzer and shown
for the seroresponses measured for BKPyV (A), JCPyV (B), KIPyV (C), WUPyV (D), MCPyV (E), HPyV6 (F), HPyV7 (G), TSPyV (H), HPyV9 (I); MWPyV (J), HPyV10 (K),
and STLPyV (L).
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HPyV assay seems to be a reliable tool for seroepidemiological HPyV studies. To what
extent this assay measures neutralizing antibodies was not investigated in this study,
but the high correlation between the BKPyV serological data obtained with this assay
and those obtained with the VP1 VLP-based ELISA suggests that the GST-VP1 fusion
proteins presented on glutathione-casein-coupled beads express conformational
epitopes. This was also previously suggested by highly comparable HPyV seropreva-

TABLE 2 Summary of cross-reactivity observed among HPyV-VP1 antigens in individual serum samples

Source of
VP1 antigen

Cross-reactivitya

BKPyV JCPyV KIPyV WUPyV MCPyV HPyV6 HPyV7 TSPyV HPyV9 MWPyV HPyV10 STLPyV

BKPyV ���� �� � � � � � � � � � �
JCPyV � ���� � � � � � � � � � �
KIPyV � � ���� � � � � � � � � �
WUPyV � � � ���� � � � � � � � �
MCPyV � � � � ���� � � � � � � �
HPyV6 � � � � � ���� �� � � � � �
HPyV7 � � � � � �� ���� � � � � �
TSPyV � � � � � � � ���� � � � �
HPyV9 � � � � � � � � ���� � � �
MWPyV � � � � � � � � � ���� ��� �
HPyV10 � � � � � � � � � ���� ���� �
STLPyV � � � � � � � � � � � ����

aArbitrary interpretation of the VP1 competition observed in the experiments whose results are shown in Fig. 5 and Fig. S6 in the supplemental material. �, no
reduction; �, slight reduction; ��, moderate reduction; ���, high reduction; ����, complete reduction.

FIG 6 Comparison between the GST-VP1 bead-based assay and the VLP-based ELISA for BKPyV. The
seroreactivities of kidney transplantation donors (n � 396) were measured by both the bead-based
GST-VP1 immunoassay and the VP1 VLP ELISA for BKPyV. Each circle represents one serum sample, and the
black line indicates the correlation between the bead-based measurement (MFI) and the ELISA (OD).
(Adapted with permission from reference 22.)
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lence data obtained worldwide and independently with VP1 VLP and GST-VP1 fusion
proteins, for example, for TSPyV (11, 12, 24, 31, 32).

The high intraspecies cross-reactivity observed between MWPyV and HPyV10 did
not come as a surprise and probably resulted from their high VP1 amino acid sequence
similarity. Nevertheless, seroreactivity toward HPyV10 was not always abolished after
preincubation with the MWPyV VP1, indicating a subtle difference between some
epitopes of MWPyV and HPyV10, which could be explained by the fact that three of the
eight amino acid differences between MWPyV and HPyV10 might be located within the
antigenic loops (15, 19). The overall high degree of similarity between the seroreactivity
profiles of MWPyV and HPyV10, however, suggests no need for separate measurements
for both viruses when testing larger cohorts. The lack of samples seroreactive against
HPyV9, HPyV12, NJPyV, and LIPyV did not allow a thorough analysis of potential
cross-reactivity for these HPyVs. As a general remark, the possibility of cross-reactivity
by antibodies against yet unknown HPyVs cannot be excluded.

The aim of this study was to evaluate the abilities of the assay and not to determine
seroprevalence. As such, no seronegative cutoff determination was performed. Sero-
reactivity against most HPyVs was high in both the immunosuppressed KTR and the
HBD cohorts. The observed seroreactivity profile of HPyV9 was lower than that of other
polyomaviruses, in line with the findings presented in previous publications, including
ours (11, 12, 14, 33).

We observed limited seroreactivity against HPyV12, NJPyV, and LIPyV. For compar-
ison, to date no other serological data are available for NJPyV and LIPyV. For HPyV12,
one study reported a seroprevalence of 15 to 33% in healthy adults (34). Based on our
observed seroreactivity against HPyV12, presented in Fig. 2, we assume that in Dutch
populations the seroprevalence of HPyV12 is low. On the basis of the VP1 amino acid
sequence alignment, it was recently suggested that the translation initiation site of
HPyV12 VP1 is located 48 nucleotides (16 amino acids) downstream of the 5= end of the
VP1 open reading frame (35). We also analyzed the antigenicity of this shorter GST-
HPyV12 VP1 fusion protein and noticed no difference in HPyV12 seroreactivity (not
shown). (After submission of the manuscript, the discoverers of HPyV12 published data
that convincingly show that HPyV12 is, in fact, a shrew-derived virus [36], suggesting
that HPyV12 does not circulate among humans and explaining the lack of HPyV12
seroreactivity found in our cohorts.)

To our knowledge, infection with NJPyV has been described only once, in an
immunocompromised kidney-pancreas transplant patient fleeing through sewage wa-
ter following Superstorm Sandy (10). Supported by the prompt recognition of NJPyV
VP1 by the rabbit polyclonal serum raised against NJPyV VP1 peptides, we are confident
that our assay is capable of measuring seroresponses against NJPyV. Therefore, we
interpret the lack of detectable seroresponses to be an indication that this polyoma-
virus does not represent a human polyomavirus but, rather, represents a zoonotic
polyomavirus that was introduced into humans under exceptional conditions. Alterna-
tively, the lack of NJPyV seroresponses could suggest a difference in geographical
spread for NJPyV between North America and Europe, which is rather unusual for
(human) polyomaviruses. LIPyV also showed a low seroreactivity profile, suggesting the
possibility of environmental contamination of LIPyV in the original skin sample. A larger
seroprevalence study could help to elucidate this issue.

The comparison between a VLP-based ELISA and the bead-based assay showed a
clear monotonic relationship, despite the different methods in which conformational
epitopes are presented by both assays (Fig. 6). A close look at the kinetics of each assay
reveals a large dynamic range of the bead-based assay, which has a seemingly
increased sensitivity compared to that of the ELISA for the detection of seroresponses
in the lower reactivity range. For the purpose of seroepidemiology, we believe that
serological testing using HPyV VP1 expressed as a GST fusion protein or as a VP1 VLP
yields equally useful results. For individual use, for instance, to predict the risk of
developing polyomavirus-related disease such as PML, additional analyses and assay
validation are necessary.
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In conclusion, the custom-made pan-HPyV multiplex immunoassay is a reliable tool
for determination of HPyV-specific seroprevalences. It measures HPyV-specific IgG
seroreactivities with high reproducibility and specificity, can easily be extended in case
of new HPyV discoveries, and can potentially be combined with other (viral) antigens
of interest.
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